The production of reactive species is a core of the redox cycling profile of anthracyclines. However, these molecular characteristics can be viewed as a double-edged sword acting not only on neoplastic cells but also on multiple cellular targets throughout the body. This phenomenon translates into anthracycline cardiotoxicity that is a serious problem in the growing population of paediatric and adult cancer survivors. Therefore, better understanding of cellular processes that operate within but also go beyond cardiomyocytes is a necessary step to develop more effective tools for the prevention and treatment of progressive and often severe cardiomyopathy experienced by otherwise successfully treated oncologic patients. In this review, we focus on oxidative stress-triggered cellular events such as DNA damage, senescence, and cell death implicated in anthracycline cardiovascular toxicity. The involvement of progenitor cells of cardiac and extracardiac origin as well as different cardiac cell types is discussed, pointing to molecular signals that impact on cell longevity and functional competence.
Introduction
Cardiovascular diseases and cancer represent the first and second cause of death in industrialized countries. These two conditions may become synergistic if we consider the cardiovascular complications of anticancer therapies.
During the past three decades, the development of effective screening and treatment strategies for many neoplastic diseases has resulted in an enormous population of long-term cancer survivors: it is currently estimated that five-yearsurvival rates involve over the 84% of children and 67% of the whole population diagnosed with cancer [1] . As for other chronic conditions, cancer is considered a curable disease; thus, the concerns about long-range quality of life of oncologic patients are an important emerging issue. Therefore, in the last years, the awareness and recognition of the importance of cardiotoxic side effects of anticancer therapies have increased. Recently, expert panels in both Europe and the United States have issued practice guidelines on surveillance and management strategies aimed at caring for cancer patients at high risk of cardiovascular events [2, 3] .
Doxorubicin Cardiotoxicity
Discovered in Italy over a half century ago, anthracyclines continue to represent a pillar of many cancer treatment protocols. These agents, among several classes of chemotherapeutics, are drugs that more frequently induce cardiotoxic effects. Although anthracycline-induced cardiotoxicity constantly stimulates substantial interest of basic and clinical researchers, despite efforts, the precise mechanism of this complication remains unclear.
Cardiac dysfunction triggered by doxorubicin (DOX) has long been known as the main form of anticancer druginduced cardiotoxicity, being characterized by massive accumulation of reactive oxygen species (ROS) and reactive nitrogen species (RNS) as central mechanisms [4] [5] [6] . The pharmacokinetics of DOX, that accumulates within the myocardium, together with low level of antioxidant enzymes in cardiomyocytes can be viewed as permissive conditions for cardiotoxicity. High level of ROS and RNS may activate cytotoxic signalling leading to DNA damage, mitochondrial dysfunction, attenuation in protein synthesis, and deregulation of intracellular calcium homeostasis [7] [8] [9] [10] . From a cellular point of view, several enzymes, including xanthine oxidases, NADPH oxidases (Noxs), uncoupled nitric oxide (NO) synthases (NOSs), and peroxisomes, located in subcellular compartments, such as mitochondria, sarcoplasmic reticulum, and cytoplasm, account as a source of ROS [11] . Generally, mitochondria are the site where most of the ROS are produced. ROS-producing enzymes within mitochondria can transform DOX to semiquinone through one-electron reduction of the quinone moiety in ring C. This semiquinone can readily react with oxygen-generating superoxide anion (O 2 • − ), which could be neutralized into relatively stable and low-toxic hydrogen peroxide (H 2 O 2 ) by superoxide dismutase, or further changed to other ROS or RNS in a sequence of reactions known as the redox cycling. Dangerously, H 2 O 2 and O 2 • − may also generate highly reactive and toxic hydroxyl radicals (OH•) during the iron-catalysed HaberWeiss reaction [7, 12, 13] . The strict connection between anthracyclines and mitochondria lays in the high affinity for cardiolipin, a phospholipid located in the inner mitochondrial membrane, where anthracyclines, being retained at higher concentration, disrupt electron-transport chain thus inducing more ROS production [14] . Mitochondria are also the site where upregulated MnSOD increase cell survival in the presence of DOX, exerting its role as a free radical scavenger [15] .
NOS is another major source of DOX-dependent ROS. DOX is able to determine the increase in the expression of endothelial NOS (eNOS) and, by a direct binding, to interfere with NO generation in favour of superoxide formation [16, 17] . ROS, reacting with NO to generate RNS, boost the generation of oxidants that, in turn, force the uncoupling of eNOS into monomers, altering the enzymes' function to produce more superoxide anion and less NO. The pivotal role of eNOS in DOX-dependent oxidative stress was confirmed in a study conducted on eNOS knockout mice that showed low levels of ROS and preserved myocardial function after exposure to DOX. On the contrary, the cardiomyocyte-specific overexpression of eNOS enhanced the detrimental effects of DOX on the heart [18] . DOX treatment seems to modulate also the activity of the other isoform, inducible NOS (iNOS), but its role in the pathogenesis of anthracycline cardiomyopathy has not been fully elucidated. Indeed, conflicting results about the cardiotoxic effect of DOX were observed in studies using iNOS −/− mice, which reported both amplified and reduced level of cell damage [19, 20] .
NADPH oxidase-dependent ROS accumulation is strongly influenced by DOX. Nox2 and Nox4 are the predominant isoforms expressed in the heart where under pathological stimuli they contribute to enhance oxidative stress by reducing oxygen to superoxide anion and hydrogen peroxide with the support of NADPH as an electron donor [21] . Many evidence indicated Nox2-derived ROS to have a key role in DOX-induced toxicity, both in vitro and in vivo [22] [23] [24] . Genetic disruption of Nox2 attenuated DOXrelated myocardial dysfunction, with less myocardial atrophy, cardiomyocyte apoptosis, and interstitial fibrosis [25] . The association between cardiotoxicity and gene variants in the subunits of human NADPH oxidases reinforces the relevance of these enzymes in anthracycline cardiomyopathy [26, 27] .
Redox cycling of DOX is not the unique phenomenon at the base of cardiotoxicity. Anticancer activity of DOX is mainly attributed to its well-known ability to bind topoisomerase 2 (Top2, in particular, the α isoform) and DNA in cancer cells leading to cell death. However, also other isoforms of Top can interact with DOX. Cardiomyocytes express nuclear (the β isoform of Top2) and mitochondrial topoisomerases that are targeted by DOX [28, 29] . Recent studies showed that cardiomyocyte-specific deletion of Top2-β protects the heart from DOX damage mainly by interfering with a defective mitochondrial biogenesis and ROS formation [30] . According to the Top2-β hypothesis, the interaction between anthracycline and Top2-β accounts as the initial event of cardiotoxicity that prompts ROS accumulation as a subordinate step. Whatever the case, as either originating or downstream event, oxidative stress maintains its key importance in the pathogenesis of anthracycline cardiomyopathy and its modulation is still highly attractive from a molecular and therapeutic perspective.
Beyond Cardiomyocytes: Expanded
Repertoire of Cellular Targets Numerous molecular elements have been implicated in the pathogenesis of DOX cardiotoxicity but it is clear that, up to date, a single and unified model of pathogenesis of this disease has not been formulated. Proper myocardial hemodynamic function is maintained upon an adequate oxidative energy production in billions of individual cardiomyocytes in an adult human heart. In this regard, ROS formation and involvement of mitochondria as a subcellular target of DOX are typically studied in the context of a cardiomyocyte as a cell type particularly rich in mitochondria. Commonly to an antitumoral action on cancer cells [31] [32] [33] [34] [35] , it is generally accepted that oxidative stress leads to the activation of necrotic and apoptotic pathways causing loss of cardiomyocytes [7, [36] [37] [38] . Convincing results on the entity and incidence of apoptosis raised the possibility that apoptoticrelated mechanisms are central in the setting of acute cardiotoxicity but less important in a scenario of chronic cardiomyopathy and heart failure. Increasing evidence indicate that other mechanisms, including senescence, take part in anthracycline-driven cardiotoxic effects, affecting the functional activity of cardiomyocytes and other cardiac cells. Senescence consists of growth arrest of normal somatic and postmitotic cells with a consequent reduction in function and organ damage [39] . Short exposure of cells to subcytotoxic concentrations of oxidants or DNAdamaging agents could also lead to cellular senescence [40] . Indeed, low concentrations of DOX can induce terminal growth arrest with senescence-like alterations in proliferating cells [41] . Interestingly, the changes in the expression of several aging-related genes in cultured neonatal cardiomyocytes were similar to those observed in response to DOX. Telomerase activity is detectable not only in proliferating cells but also in cardiomyocytes, playing an important role against cell death [42] . In particular, DOX-treated neonatal cardiomyocytes show the reduction in telomerase activity, telomere length, and the telomerase reverse transcriptase protein level, in a time-dependent manner as experienced by cardiomyocytes of an aged rat heart [43] . Cardiomyocytes account for less than one-third of the total number of cells within the heart. Therefore, it is reasonable that the disruption of cardiovascular homeostasis by DOX may also depend on other cellular components, especially when DOX cardiotoxicity is viewed as a chronic and progressive continuum that cumulates in a circulatory failure (Figure 1 ).
Given the "universal" role of ROS in physiological signalling and diseases, the importance of ROS hypothesis in the pathogenesis of DOX cardiomyopathy can be further emphasized when taking into consideration that smooth muscle cells, endothelial cells of the endocardium and coronary vessels, cardiac fibroblasts, and other interstitial cells together with a growing array of cells with progenitor characteristics are involved in cardiovascular homeostasis (Table 1 ).
Cardiac Progenitor Cells
The ability of self-regeneration, remarkable in foetal and neonatal mammalian hearts, reaches limited extent in the adult cardiac tissue. Despite this aspect, the presence of an endogenous compartment of amplifying cells in the adult heart has been repeatedly demonstrated [44] [45] [46] [47] . The most extensively characterized pool of primitive cells is represented by cardiac progenitor cells (CPCs) and c-kit-positive and multipotent cells residing in the myocardium, whose contribution in tissue homeostasis/repair has been documented in several diseases, both in humans and rodent models [48] [49] [50] [51] [52] [53] [54] [55] . Evidence from basic research studies have suggested an additional mechanism of DOX-induced cardiotoxicity, pointing to the effects exerted by DOX on the endogenous pool of CPCs [48, [56] [57] [58] [59] [60] . In an animal model of anthracycline cardiomyopathy, DOX increased ROSinduced DNA damage, cell cycle arrest, cellular senescence, and apoptosis, thus affecting CPC growth and functional properties. The depletion of the CPC pool in the myocardium interfered with mechanisms that account for the restoration of the structural and functional integrity of the failing heart [48] . Supporting evidence have come from a following study in which the hearts from oncologic patients, who died of heart failure after treatment with chemotherapeutic drugs, including anthracyclines, were analyzed. With respect to agematched controls who died from noncardiovascular causes, the myocardium of DOX-treated patients showed a higher number of CPCs labelled with the phosphorylated form of histone H2AX and p16 INK4a , indicating the accumulation of oxidative DNA damage and cellular senescence, respectively [56] . Moreover, human CPCs exposed to DOX in vitro, experienced the activation of senescent and proapoptotic pathways, corroborating the concept that a deficiency in CPC function may be responsible for a higher susceptibility of the myocardium to injury [56] . Indeed, after exposure to DOX, human CPCs could not induce any structural and functional recovery when injected in the heart of animals affected by DOX cardiomyopathy, confirming the ineffectiveness of DOX-exposed CPCs in fulfilling their functional role in the diseased myocardium [57] . Interestingly, the treatment with resveratrol, a sirtuin 1 activator with intrinsic antioxidant properties, was able to prevent senescence and growth arrest of CPCs, by decreasing intracellular ROS accumulation and enhancing oxidative stress defence. Moreover, myocardial delivery of CPCs primed with resveratrol partly restored cardiac function and significantly improved animal survival [57] . A recent study conducted on human CPCs confirmed the main role played by senescence and apoptosis in mediating deleterious effects of DOX. The frequency of senescence-associated-β-galactosidase (SA-β-gal) positive cells increased significantly after DOX, while pretreatment with human amniotic fluid stem cell secretome limited cell damage and protected CPCs against DOX [59] .
CPCs and microRNAs. MicroRNAs (miRNAs or miRs)
are emerging as new regulators of cardiovascular function given their contribution in modulating several biological processes including the response to oxidative stress and cell damage [61] . As noncoding RNAs, miRNAs have been reported to regulate cardiac cell proliferation and differentiation [62] , and among others, the miR-34 family, and in particular miR-34a, is predominantly expressed in the heart where it is associated with DNA damage, senescence, and apoptosis in cardiac cells [63] [64] [65] . Recent evidence demonstrated the increased expression of miR-34a in rat CPCs after exposure to DOX [58] . miR-34a determined the activation of p16 INK4a -and p53-mediated prosenescent and proapoptotic signalling in this cell population and when released by DOX-treated CPCs, affected viability and function of myocytes, fibroblasts, and endothelial cells [58] . The latter mode of action suggests a paracrine role as already shown in other cardiovascular pathologies [66] [67] [68] [69] . However, the implications of miR-34a modulation in oncologic patients, as well as the hypothetical role as a biomarker of myocardial damage needs to be further evaluated.
CPCs and Late
Cardiotoxicity. Despite decades of researches, there is no general agreement on the molecular mechanisms through which DOX, inducing cell abnormalities, produces late cardiotoxicity. A possible explanation is that exposure to DOX, even at a dosage not determining symptomatic manifestations of cardiotoxic events, makes the heart more susceptible to successive insults, with impaired angiogenesis, wound healing, or progenitor cell function. To test this hypothesis, juvenile mice were exposed to DOX with a cumulative dose not inducing acute cardiotoxicity, and once adults, they were subjected to myocardial infarction [60] . In comparison to infarcted mice treated with saline, DOX-exposed mice were more sensitive to myocardial infarction, with a greater extent of infarct size and fibrosis, and a more reduced blood vessel formation in the infarct border zone [60] . Moreover, DOX reduced the number of CPCs in vivo and affected their functional competence by inhibiting cell growth and differentiation capacity in vitro. The cell cycle inhibitor p16
INK4a was significantly upregulated in CPCs from hearts exposed to DOX, suggesting the involvement of cellular senescence progenitors as one of the mechanisms responsible of the higher susceptibility of the heart to stress [60] . In this scenario, CPCs "poisoned" by DOX fail to migrate to the site of injury with a consequent defect in myocardial repair. The major impact of senescence in affecting CPC behaviour was confirmed in an in vitro study, in which human CPCs were treated with DOX. After anthracycline washout, the fraction of p16 INK4a positive cells was significantly increased, indicating DOX-induced activation of the cellular senescent pathway and irreversible arrest of cell growth [56] .
Although DOX clearly targets and affects CPC population, the direct link between DOX-induced CPC deterioration and alterations of myocardial structure and function is still to be defined. Altogether, these results support the hypothesis that an early toxic event may be responsible of an asymptomatic cardiomyopathy resulting in a late-onset heart failure.
Vascular Cells
In cancer biology, angiogenesis plays a major role given the necessity of new blood vessels needed by the tumour mass to support its own growth, and continuous researches have pointed the attention on the effects exerted by cytotoxic drugs upon the vascular system [70] . On the other hand, vascular damage can be directed on nontumour districts as well, supporting the notion that endothelial toxicity constitutes an additional aspect of antineoplastic therapies including anthracycline-related cardiovascular complications [11, 71, 72] . Studies conducted on endothelial cells demonstrated that increases in cytoplasmic ROS and DNA damage induced by anthracyclines determine detrimental responses in the activity of the endothelium and disruption of nitric oxide/superoxide balance [73] [74] [75] . It has been shown that DOX can bind to eNOS that reduces DOX to the semiquinone radical with a consequent increase in superoxide formation and a decrease in nitric oxide production [16] . In endothelial cells, DOX-induced apoptosis was linked to an elevation in intracellular calcium levels and paralleled by enhanced transcription of eNOS, suggesting a role for eNOS in DOX-mediated endothelial cell death [73] . Additionally, an appealing concept of cardiac microvascular injury as a potential primary event that contributes to DOX-induced cardiotoxicity has recently emerged. DOX can affect the function of cardiac endothelial cell barrier by affecting the formation of tight junctions thus determining an increased vascular permeability [76] .
Besides a direct effect on skeletal muscle microcirculation [77] , the treatment with DOX has also proven to affect smooth muscle cells (SMCs). SMCs exposed to DOX underwent cellular senescence and cell cycle arrest and experienced the common characteristics of senescent cells, such as DNA damage, generation of ROS, and SA-β-gal activity [78] . A decrease in vessel relaxation was observed in organ culture studies as confirmation of DOX toxicity on the vascular system. The involvement of oxidative stress was evidenced by the partial restoration of vessel contractility in presence of superoxide dismutase [79, 80] . These data further support the view of cardiotoxicity of DOX as a multicellular effectsdriven process. This can stimulate future studies aimed at better characterization of the mechanisms of vascular toxicity of anthracyclines and help to design more effective intervention strategies to prevent or minimize the impact of vascular cell dysfunction. Significantly, given the importance in identifying subclinical cardiovascular damage and avoid later complications, the scientific community is promoting the routine assessment of vascular function in cancer patients.
Cardiac Fibroblasts
Cardiac fibroblasts have been underappreciated for a long time. These cells, however, are essential for maintaining normal cardiac function and take a vital part in cardiac remodelling during pathological conditions. Myocardial fibrosis is a common feature of a broad variety of cardiovascular pathologies including anthracycline cardiomyopathy [81, 82] . Initiation and maintenance of fibrogenic response are regulated by a complex interaction of growth factors and cytokines. In particular, transforming growth factor-β (TGF-β) and its downstream effectors trigger the activation of interstitial fibroblasts and their transformation in myofibroblasts thus inducing the formation of extracellular matrix components, such as collagen type I [82] [83] [84] [85] [86] . As signalling molecules driving cardiac fibrosis, ROS are believed to be involved in the amplification of TGF-β-related pathways that promote fibroblast differentiation via NADPH oxidase [87] . In a rat model of DOX cardiomyopathy, oxidative stress, as a profibrotic effector, was accompanied by the upregulation of TGF-β, connective tissue growth factor, and SMAD3 and determined adverse matrix remodelling with accumulation of collagen type I. Moreover, treatment with DOX promoted the phenotypic transformation of cardiac fibroblasts into myofibroblasts both in vivo and in vitro [88] . The population of cardiac fibroblasts can be particularly vulnerable because of being exposed to both stimulatory and inhibitory signals. In cardiovascular diseases, senescence is a well-recognized process that contributes to inflammation and myocardial fibrosis and stimulates the production of several factors including IL-6, IL-8, TGF-β, and tumor necrosis factor α (TNFα) [89] [90] [91] . As one of the cardiotoxicity-driving molecules, the latter may have a relevant role as a TNFα receptor upregulation after DOX exposure can favour apoptosis in myocardial cells [92, 93] . Similar to other cell types, DOX induces the DNA damage-response system also in fibroblasts, in parallel with an increase in γ-H2AX nuclear foci. The activation of a stress sensor ataxia telangiectasiamutated (ATM) kinase, which in turn catalyzes the phosphorylation of p53 in Ser15, leading to increased levels of p53 and p21 and hypophosphorylation of the retinoblastoma protein. Of note, in addition to the activation of the DNA damage-response cascade of molecular events, DOX produces a prompt reduction in the levels of acetyl-CoA carboxylase 1, the enzyme that catalyzes the rate-limiting step in fatty acid synthesis. Such induction of synchronized inhibition of proliferation and anabolism by DOX was seen in pulmonary fibroblasts [94] . In a recent study, cardiac fibroblasts exposed to DOX prematurely acquired a senescent phenotype, too, as shown by the increases in SA-β-gal activity and the expression of senescence markers p16 INK4a and p21 [95] . Cardiac fibroblasts have been even proposed as the principal cells that mediate cardiotoxic effects of DOX. It has been shown that ATM, located and activated mainly in cardiac fibroblasts, promotes a release of Fas ligand from fibroblasts thus facilitating DOX-induced cardiomyocyte apoptosis [81] . Overall, these processes can regulate the equilibrium of the myocardium and contribute to the switch to a profibrotic profile. Further studies will need to determine the relative contribution of cardiac fibroblasts in the pathophysiology of anthracycline cardiomyopathy and establish the modality and significance of fibroblast-cardiomyocyte cross talk in drug-induced cardiotoxicity.
Mesenchymal Stem Cells
Many pieces of evidence have indicated nonresident progenitors as cells capable to promote the repair of the damaged myocardium, pointing at the bone marrow as the principal source of these cells. Mesenchymal stem cells (MSCs) derive from adult tissues and are identified as an adherent, fibroblast-like population, originally isolated from the bone marrow but present in other tissues such as the skeletal muscle, adipose tissue, umbilical cord, amniotic fluid, and lung. Although their ability to differentiate into cardiomyocytes and contribute to functional recovery has not been definitively proven, their participation in activating the local repair machinery in the injured myocardium has been repetitively reported [96] [97] [98] [99] [100] .
From a technical aspect, the use of MSC-derived from sources other than the bone marrow, (e.g., adipose tissue) is relatively easy and reproducible making this cell population valuable for application in regenerative medicine. Of note, transplantation of adipose tissue-derived MSCs was associated with beneficial effects on heart function after experimental myocardial infarction [101, 102] and on the vascular system by promoting revascularization and tissue repair in a murine model of hind limb ischemia [103, 104] . It is evident that a paracrine mode of action represents the main mechanism through which MSCs stimulate tissue repair. MSCs are able to produce and secrete a broad variety of cytokines, chemokines, and growth factors serving as supportive signalling for other cells directly involved in the repair of the injured myocardium.
The bone marrow is among the tissues severely injured by DOX, which has detrimental effects on local stem cell compartment including bone marrow-derived MSCs. In the context of DOX-dependent increase in oxidative stress, several aspects of MSC biology can be taken into consideration. Although MSCs are equipped with efficient enzymatic and nonenzymatic antioxidant mechanisms [105] , excess ROS can influence growth, self-renewal, and differentiation of MSCs [106, 107] . Moreover, when MSCs respond to ROS with a stress-induced premature senescence [108] , this cellular process has consequences on cell secretome manifested as the acquisition of a specific, senescenceassociated secretory phenotype [109] , and the decreased ability to secrete trophic factors [110] . It is also possible that oxidative stress and senescence have an impact on antiinflammatory and immunomodulatory properties of MSCs [111] . Indeed, MSCs isolated from animals subjected to DOX administration exhibited a lower proliferation rate and had a limitative capacity to respond to cardiomyogenic differentiation stimuli and when treated in vitro with sublethal dose of DOX, experienced premature senescence and reduced clonogenicity [112, 113] .
Endothelial Progenitor Cells
The finding that endothelial progenitor cells (EPCs) can home to the site of injury and regulate local angiogenesis and vascular repair has boosted the interest in their potential use for therapeutic purposes [114] . Importantly, the maintenance of the cardiovascular system homeostasis requires an adequate number of functional EPCs. This concept is supported by the correlation between the number of circulating EPCs and cardiovascular events [115] . The capacity of EPCs to restore angiogenesis after a vascular insult is hampered by stress-induced cellular aging processes. DOX, as an agent inducing premature senescence, has been shown to affect EPC function by increasing oxidative stress and activating senescence pathways with the involvement of NADPH oxidase [116] . In addition, subapoptotic doses of DOX accelerated senescence of EPCs by regulating p38 and JNK mitogen-activated protein kinases and triggering p16
INK4a -dependent signalling [117] . Therefore, ROS accumulation and induction of senescence seem to be key mechanisms implicated in the effects that DOX exerts on EPCs thus hindering their functional capacity.
Antioxidant Strategies as Cardioprotection
Given the abundant evidence pointing at oxidative stress as a key event in the pathophysiology of anthracycline cardiomyopathy, the use of several compounds with antioxidant property, coadministered with chemotherapeutic agents, has been explored to counteract the clinical manifestations of cardiotoxicity. Important work has been conducted in vitro and on animal models to evaluate the effectiveness of adding an antioxidant therapy to anthracycline regimens, in order to reduce oxidative damage upon cardiac cells. Early studies assessed the efficacy of dietary supplements such as vitamin A, vitamin C, vitamin E, coenzyme Q, omega-3 fatty acids, and flavonoids or other compounds known to prevent oxidative damage. Despite promising results based on preclinical studies, only a minority of these compounds has entered clinical trials and even less has shown a positive impact on heart function and structure [118] [119] [120] [121] [122] [123] [124] [125] [126] [127] [128] [129] [130] . A fundamental premise for a successful and safe use of adjuvants in association with chemotherapeutics consists in their capacity of not interfering with the cytotoxic effects of antineoplastic drugs. In vitro studies evidenced a "neutral" activity of most of these compounds in reducing antineoplastic efficacy of anthracyclines in several tumor cells, confirming the observation that the mechanisms involved in antitumor activity may differ from those affecting noncancer cells [131] [132] [133] [134] .
Some clinical trials, summarized below, tested the hypothesis that coadministration of antioxidants with cancer chemotherapeutic agents protects the heart, although data on the tumor response rate were largely missing. N-Acetylcysteine has been shown to reduce biological oxidants by promoting intracellular glutathione synthesis. However, a randomized controlled trial evaluating the prevention of DOX cardiomyopathy with N-acetylcysteine reported no benefits since the rate of heart failure was similar between the groups [135] .
Amifostine is a cytoprotective adjuvant against the effects of radiation and chemotherapy. Although the evidence of benefits in a rat model of DOX-induced cardiotoxicity in rats were shown [136] , a randomized controlled trial conducted on paediatric patients treated with cisplatin and DOX showed no functional recovery of the heart when patients were additionally infused with amifostine [137] .
Coenzyme Q10 is an intracellular antioxidant that protects the membrane phospholipids and proteins from free radical-induced oxidative damage. Results from a small trial enrolling paediatric cancer patients displayed beneficial effects on heart function in the group receiving oral coenzyme Q10 during chemotherapy [138] . However, these preliminary findings have never been verified in larger clinical trials.
Dexrazoxane, an intracellular iron-chelating agent, was found effectively cardioprotective against anthracyclineinduced cardiotoxicity in several randomized trials in both children and adults [139] [140] [141] . Although it is the only cardioprotective drug approved in chemotherapy settings, concerns regarding the possible interaction with the antitumor efficacy of anthracyclines or the potential risk of a second malignancy in paediatric patients have limited its application. This implied a restraint of indications for clinical use by the Food and Drug Administration and European Medicine Agency, which is restricted to breast cancer patients receiving a cumulative dose that exceeds 300 mg/m 2 DOX or 540 mg/m 2 epirubicin [140] [141] [142] [143] . Since no other iron chelator has shown cardioprotective effect [144] , it is likely that iron chelating-dependent ROS formation does not predominantly represent the mechanism of action of dexrazoxane. Indeed, the inhibition of Top2-β that prevents DNA double strand breaks and cell death seems to be the most accredited mechanism [145] , confirmed by experimental findings claiming no cardioprotection of dexrazoxane derivatives lacking activity on Top2-β [146] .
Two β-adrenergic blocking agents, carvedilol and nebivolol, have been reported to improve cardiac function in patients treated with DOX [147, 148] . A small clinical trial on the prophylactic use of carvedilol in patients undergoing anthracycline chemotherapy showed reduced incidence of systolic and diastolic dysfunction in the group treated with a combination of DOX and oral carvedilol [147] . Moreover, clinical evidence of the cardioprotective effect of carvedilol have come from a study conducted in children with acute lymphoblastic leukaemia treated with DOX, in which carvedilol pretreatment of DOX-treated patients resulted in a significant increase in systolic function and decrease of troponin I levels [149] . Nebivolol had a protective effect on heart function in comparison to placebo, in patients with breast cancer receiving DOX [148] . According to a consensus based on experimental data, the cardioprotective activity of these drugs is not to be ascribed to their properties as β-blockers but rather depends on alternative mechanisms. Carvedilol, displaying antioxidant properties, is able to prevent lipid peroxidation and the depletion of endogenous scavengers [123] . On the other hand, the success of the treatment with nebivolol is linked to nitric oxide-dependent vasodilation ability and the prevention of peroxynitrite accumulation [150] . Interestingly, the association of a β-blocker (carvedilol) with the ACE-inhibitor (enalapril) provided the most effective response toward the normalization of anthracycline-caused decrease in ejection fraction, when either administered preventively, without any signs of systolic dysfunction [151] , or promptly given after detection of ejection fraction impairment [152] .
The potential role of statins in anthracycline cardiotoxicity has been associated with pleiotropic effects, exerted as anti-inflammatory and antioxidant actions [153] . In particular, statins enhanced antioxidant defence and mitigated cardiac inflammation following DOX treatment [154, 155] . In the clinical setting, the use of statins in chemotherapyreceiving cancer patients was associated with a preservation of heart function and a reduced risk of heart failure and cardiac-related mortality. In two small trials conducted on patients undergoing anthracycline-based chemotherapy, the group cotreated with statins (atorvastatin or simvastatin) experienced no change in systolic function, whereas the group not receiving the statin showed a significant decrease in ejection fraction [156] [157] [158] .
For all the compounds discussed above, and in particular for those that have shown a cardioprotective profile, there is a need of additional studies recruiting a higher number of patients that may provide stronger evidence of the cardioprotective effect.
The studies of antioxidants in cardiovascular diseases need to consider that in living organisms, high concentration ROS elicit cellular damage, while at lower concentrations they act as signalling molecules regulating many cellular responses [159] [160] [161] [162] [163] [164] . Such a dual profile that makes ROS play opposite roles in the cellular signalling networks according to physiological and pathological conditions may have a significant consequence on the outcomes of the interventions aimed at redox status of a cell. Indeed, in spite of the strong rationale for therapeutic targeting of redox pathways in anthracycline cardiomyopathy, the antioxidant therapy has failed to give a substantial contribution in terms of cardioprotection. Another aspect that makes the separation of beneficial outcomes even more challenging is that antioxidants themselves may show a two-faced nature, acting concurrently as antiradicals and prooxidants. Indeed, while the use of antioxidants is increasing, this kind of supplementation is considered unhelpful at best [165] . Nutritional supplements marketed for the prevention of cardiovascular diseases are not specifically screened for their effects in different physiological and pathological conditions of the cardiovascular system. Better understanding of redox mechanisms controlling a variety of reactive oxygen metabolites in cardiovascular pathophysiology is likely to allow the design of new studies for the use of antioxidants in cardiac diseases [159] .
The notion that subcellular compartmentalization of ROS and ROS-mediated signalling can be of vital importance for both cardiovascular physiology and response to stressors [160] should influence the development of new intervention strategies. In this regard, targeting antioxidants to specific compartments, in order to interfere with a defined subcellular pathological signalling, could favour the expected effects over the location-unspecific and possibly undesirable action of antioxidant agents that have been tried in the past.
Conclusion
DOX cardiotoxicity is becoming an interdisciplinary point of interest that in its clinical aspect asks for the closer cooperation between cardiologists, oncologists, and pharmacologists to develop new therapeutic strategies aiming at reducing or preventing early and late cardiotoxic events. However, basic research efforts by molecular and cellular biology teams will be necessary to advance our understanding of this relatively old but still troubling problem.
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